I w 


Fuel Cell Technology Program 
Final Report 
PWA-4756 


(NASA-CB- 134002) F0EL CELL TECHNOLOGY 
PBOGBAH Final Report (Pratt and Whitney 
Aircraft) HC ; / CSCL 10A 

f 


N73-3005& 


Unclas 

G3/03 12109 J 


25 July 1973 


Reproduced by 


NATIONAL TECHNICAL 
INFORMATION SERVICE 

OS Department of Commerce 
Sprinphefd, VA. 22151 



\ 


Approved by: 


Lk 


Project Manager 


Pratt & Whitney Aircraft 


u 

OlVlSlOM O* UNlTtO AIPC RAFT CO^POftATlON 

fl r 


EAST HARTFORD. CONNECTICUT 



I 


\ 


NOTICE 

THIS DOCUMENT HAS BEEN REPRODUCED FROM THE 
BEST COPY FURNISHED US BY THE SPONSORING 
AGENCY. ALTHOUGH IT IS RECOGNIZED THAT CER- 
TAIN PORTIONS ARE ILLEGIBLE, IT IS BEING RE- 
LEASED IN THE INTEREST OF MAKING AVAILABLE 


AS MUCH INFORMATION AS POSSIBLE. 



PRATT A WHITNEY AIRCRAFT 


PWA-4756 


FOREWORD 


This Fuel Cell Technology Program Final Report was prepared by Pratt & Whitney Aircraft 
Division of United Aircraft Corporation, South Windsor Engineering Facility, South Windsor, 
Connecticut, in accordance with the requirements of Exhibit G, Data Requirements List, 

Line Item No. 8, NASA Contract No. NAS9-11034. 
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1.0 SUMMARY 

A fuel cell technology program was established 1 1 July 1970 under NASA Contract NAS9* 
11034 to advance the state-of-the-art of hydrogen-oxygen fuel cells using the Pratt & Whitney 
Aircraft low temperature, potassium hydroxide electrolyte technology as the base. The tasks 
of this program consisted of: 

• fuel cell system studies and liaison with Space Shuttle Prime Contractors to 
define a Space Shuttle powerplant 

• component and subsystem technology advancement 

• demonstrator powerplant (DM-1) test to demonstrate the technology at the 
system level. 

The DM-1 powerplant test was terminated at 750 hours because of a cel! failure. Post-test 
analyses were conducted and corrective action was defined. A report, PWA-4364, dated 27 
April 1972, covering contract effort through the corrective action definition was issued. 

This report describes program tasks consisting of baseline cell design and stack testing, hy- 
drogen pump design and testing, and DM-2 powerplant testing and technology extension 
efforts. 

A baseline Scheme I cell configuration capable of a minimum of 2000 hours of life was de- 
fined. A 6-cell prototype stack, incorporating most of the Scheme I cel! features, was tested 
for a total of 10,497 hours. A Scheme I 6-cell stack incorporating all of the design features 
was tested. At the end of the contract technical period of performance, 8600 hours were 
accumulated. 

A drag- type hydrogen pump and water separator capable of a minimum of 2000 hours of 
life was designed. A breadboard unit incorporating the features of the flight- weight design 
was tested for a total of 10,000 hours with one bearing change at 6700 hours. At 10,000 
hours, the test was voluntarily terminated. 

The DM-2 powerplant with a 34 cell stack, an accessory section packaged in the basic con- 
figuration anticipated for the Space Shuttle powerplant and a powerplant control unit, was 
defined, assembled, and tested. Scheme I cells were used in the stack and a drag-type hydro- 
gen pump was installed in the accessory section. A test program was established, in conjunc- 
tion with NASA/JSC, based on the Space Shuttle Orbiter mission. A 2000-hour minimum 
endurance test and a 5000-hour goal were set and the test started on August 8, 1972. The 
2000-hour milestone was completed on November 3, 1972. On 13 March 1973, at the end 
of the thirty-first simulated seven-day mission and 5072 load hours, the test was concluded, 
all goals having been met. At this time, the DM-2 was in excellent condition and capable of 
additional endurance. 
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A baseline technology extension task was conducted concurrently with the other program 
tasks. The specific goal of this task was to define design approaches and materials leading to 
a cell with a minimum 5000-hour life. Cost saving and weight reduction alternatives were 
also considered. An improved electrode catalyst and a design approach for spacing cell cool- 
ers were identified as prime candidates to be considered for Incorporation into the baseline. 

As a result of the testing on the two 6-cell stacks, the hydrogen drag pump and the DM-2 
powerplant, it is concluded that the Pratt & Whitney Aircraft fuel cell technology readiness 
for the Space Shuttle has been demonstrated. 
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2.0 DM-2 ENDURANCE TEST 

A summary of the DM-2 program is presented here. PWA-4721, DM-2 Power System 5000 
Hour Test Report, dated 15 May 1973, contains a detailed description of the test program. 


2.1 OBJECTIVE 

The primary objective of the DM-2 powerplant test was to demonstrate, at die system level, 
the readiness of the alkaline fuel cell technology developed under NASA Contract NAS9-1 1034 
for the Space Shuttle. The objective was to be accomplished by operating the powerplant a 
minimum of 2000 hours at current densities representative of Space Shuttle requirements. 
Additional design evaluation testing, with a goal of 5000-hours total operating time, was 
planned. 


2.2 DESCRIPTION OF TEST ARTICLE 

The DM-2 is a complete fuel cell electrical power source with a 34-cell stack, an accessory 
section packaged in the basic configuration anticipated for the Space Shuttle powerplant and 
a powerplant control unit. The cells include design improvements which result from the 
NASA/JSC Fuel Cell Technology Program. A drag- type hydrogen pump and water separator 
assembly with improved life characteristics is used in place of the vane-type pump used in 
the previous DM-1 demonstrator powerplant. A miniaturized coupled reactant regulator is 
used in place of the breadboard regulator used in the DM-1. All other components are from 
the DM-1. A flow schematic of the powerplant is shown in Figure 1. Figure 2 shows the 
powerplant and control unit mounted for test. 


2.3 DESCRIPTION OF TEST PROGRAM 

The DM-2 powerplant test program was described in PWA-4510, System Test Plan, dated 10 
July 1972. The test program, established in conjunction with NASA/JSC, consisted of a 
series of simulated Space Shuttle Orbiter Missions of one week ( 168 hours) duration shown 
in Figure 3. A four-mission cycle was operated with a scheduled eight-hour shutdown between 
each mission. This was followed by a four-mission cycle with the shutdown eliminated to 
simulate a 30-day Shuttle mission shown in Figure 4. This process was repeated for the dura- 
tion of the test. The current density levels of the mission cycle were based on anticipated 
Space Shuttle electrical load requirements. In addition to steady-state operation at the repre- 
sentative current density levels and the shutdowns and restarts, the load profile included up- 
and-down power transients and a spike overload. Samples of the product water were taken 
periodically for analysis. The operating temperature level of the powerplant was set to be 
compatible with estimated vehicle heat rejection capabilities and fuel cell life requirements. 
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Figure 1 - DM-2 Powerplant Schematic 
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Figure 2 - DM-2 Powerplant and Control Unit Mounted for Test 
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Figure 3 - DM-2 Load Profile 
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Figure 4 - DM-2 Load Profile Used for Non-Shutdown Operation 
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2.4 DESCRIPTION OF TEST FACILITY 

An existing sea level test stand is used for the endurance test. This test stand provides reactant 
gases to the powerplant interface, contains a heat exchanger for rejection of powerptant waste 
heat, and provides variable electrical loads. The facility Automatic Data Acquisition and Re- 
cording (ADAR) system records data and monitors selected DM-2 operating parameters and 
has the capability to automatically send a shutdown signal to the powerplant control unit if 
any of these parameters exceed predetermined limits. Figure 5 shows a block diagram of the 
test installation. 

2.5 TEST RESULTS 

The DM-2 powerplant test started on 8 August 1972 and successfully completed its 2000- 
hour milestone on 3 November 1972. On 10 March 1973, the DM-2 completed 5000 hours. 

A total of 21 self-energized starts, including the acceptance test start, were completed. Eight- 
een of these starts followed shutdowns in which the powerplant was left pressurized on reac- 
tants. On the other three starts, the powerplant had been previously inerted with nitrogen. 

All starts were completed in approximately ten minutes. The acceptance test bootstrap start 
characteristics shown in Figure 6 are typical of all the starts. Throughout the test, all power- 
plant controls, thermal switches, and components functioned as designed. The powerplant 
performance and operating characteristics are presented in Figure 7. The powerplant was 
operated for one-mission cycle (168 hoursj with the hydrogen purge eliminated for the pur- 
pose of determining the effect on powerplant operation. Powerplant performance remained 
nominal throughout the mission cycle. The powerplant was also operated satisfactorily for 
100 hours with both the hydrogen and oxygen purge eliminated. Periodic calibrations showed 
the performance of the power section and all components was nominal throughout the test. 
Analysis of product water samples performed by NASA/JSC and an independent laboratory 
shows the water to be of high purity. 

Early in the test program, data indicated that the coolant flow through the condenser was 
lower than desired. This was corrected by increasing the bleed-orifice size in the primary 
coolant control valve bypass line during a scheduled between-mission shutdown on 23 August 
1972. During a scheduled shutdown on 18 October 1972, the coolant system was "topped 
off" to replace coolant lost because of weeping at the stack coolant inlet fitting. On 8 Novem- 
ber 1972 at 21 16 load hours during the scheduled shutdown between missions thirteen and 
fourteen, this fitting was tightened. No further coolant loss was experienced for the remain- 
der of the test. The need for and the effectiveness of these maintenance actions were indicated 
by the normal powerplant instrumentation. 
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Figure 5 - DM-2 Test Facility Block Diagram 
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Figure 6 ■ DM-2 Powerplant Bootstrap Start Operating Characteristics 
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Figure 7 - DM-2 Powerplant Operating Parameters 
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Two unscheduled shutdowns occurred during the 5000-hour test program, both due to faults 
within the facility Automatic Data Acquisition and Recording (ADAR) system. The power- 
plant was restarted normally with performance continuing the same as before the shutdown 
in both instances. 

NASA/JSC supplied Pratt & Whitney Aircraft with a piece of 316 stainless steel tubing, repre- 
sentative of the tubing to be used in the spacecraft water system, and requested it be installed 
in the water discharge line from the powerplant. The tube was installed on 25 August 1972 
at 381 load hours. On 19 March 1973, after completion of the 5000-hour test, the tube was 
removed and sent to NASA for their analysis. The appearance of the tubing was excellent 
showing no signs of corrosion. 

The final calibration showed that the individual cells were all performing normally. The test 
was concluded on 13 March 1973, at the end of the thirty-first simulated 7-day mission cycle 
and 5072.5 load hours. A log of the endurance test is shown in Figure 8. At this time, the 
powerplant appeared to be in excellent condition and capable of additional endurance opera- 
tion. 

2.6 CONCLUSIONS 

As a result of the test program it is concluded that: 

• The primary objective of demonstrating technology readiness for the Space Shuttle 
has been achieved as demonstrated by: 

• 5072.5 hours accumulated while operating to the NASA-approved mission profile 
(Thirty-one 7-day missions). 

• 21 normal start and shutdown cycles performed with no affect on performance. 

• Automatic instantaneous response to all load changes. 

• Normal performance of the individual cells at the end of the test. (Initiafvoltage 
spread of the 34 cells was 0.012 volts. The 5000-hour voltage spread was 0.017 
volts). 

• Depending on reactant purity, hydrogen purging may be eliminated and oxygen purging 
reduced to one purge per mission during a 7-day Space Shuttle mission. 

• Useful maintenance data can be obtained from normal flight type instrumentation, 
and maintenance actions can be performed between missions. 

• Powerplant readiness for flight can be determined by analysis of performance data 
taken during ground checkout. 
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3.0 HYDROGEN DRAG PUMP 

An Apollo Block II hydrogen pump separator unit was used on the DM-1 powerplant. At ' 
the DM-1 operating conditions, the plastic pinion drive gear exhibited excessive wear be- 
cause it was too lightly loaded. As a result, a decision was made to design a direct-drive drag- 
type pump for the DM-2 and the Space Shuttle application and also to run an endurance test 
on a breadboard drag pump with a 2000-hour objective. 

The design for a flight- weight pump was completed and a layout provided to NASA/JSC in 
March 1972. A sketch of the pump is shown in Figure 9. A non-flight-weight unit for the 
DM-2 powerplant was constructed. This pump did not have flight-weight housings around 
the pump section and the water discharge valve was not integral with the end housing. 


Performance and endurance testing of a breadboard hydrogen drag pump was conducted to 
evaluate the pump at DM-2 and Space Shuttle operating conditions. The general test plan 
was to establish the effects of speed and impeller- face clearance on flow and differential pres- 
sure characteristics on the flow bench and then rebuild the unit for initial performance cali- 
bration and endurance test Performance results exceeded design requirements by a consider- 
able margin. Figure 10 indicates performance at various speeds. 


Pump calibrations and performance mapping were conducted and the endurance test was 
started on January 18, 1972. The test was conducted under the following conditions: 

• Saturated hydrogen 

• 1 60° F pump temperature 

• 60° psia system pressure 

• 7.5 inches of water pump head rise 

• Separation rate of 6 pph of water 

• Nominal motor speed of 8000 rpm 

Calibration results at 7000, 8000 and 9000 rpm at 0,679, and 2000 hours are shown in 
Figure 11. 

To further evaluate endurance capability, the test was continued. The test was interrupted 
at 6700 hours because of an increase in noise and vibration detected by a vibration analyzer 
which provided first indications of vibration approximately 900 hours prior to the decision 
to interrupt the test. Post-endurance calibration at this time showed a flow reduction of 
approximately 3.5 percent of the initial flow value, which is insignificant in terms of power- 
plant operation. 
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Figure 9 • Schematic of Flight Weight Pump 
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Figure 10 - Speed Versus Performance Calibration 
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Figure 11 - Breadboard Hydrogen Drag Pump Performance 
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Disassembly observations showed the general overall condition of the pump details to be 
very good. The bearing preload mechanism was found to be stuck which resulted in the loss 
of bearing preload and was considered the probable cause of the increase in pump noise and 
vibration level. 

The pump was rebuilt with new bearings and the endurance test resumed. At 10,000 total 
hours, the test was voluntarily terminated. Teardown inspection showed the pump details 
to be in excellent condition and the unit showed no signs of operating distress. A log of the 
vibration analyzer results for the 10,000 hours of testing is shown in Figure 12. 


PAGE NO, 


18 



FRONT BEARINGS 
REAR BEARINGS 


18»8i» 


mmmm 




aissiE 


.itu fiS 

l.j.T™. ■: ■ . i 


■■hi Hin will tim mi ip bmm I 

JinuiysiSiKK!:: 

i»»iiJ:;:ASSRa:!hssussl 
!ksssse:::s3e:k essssh-I 


mmmmmmmmmmmmmmmmmmmmmMm: 

BllillsaaaaaisaasaBaaolOaLloiiia 
iniiisiigiiaiE “ 


REPLACED SEARINGS 


! 3SS SSSI imfiim !Buht 

mesial 


■5S SESninEE «■■■ 52H I 


■> ■■■■B pmH ■ *«■■■ klMBI HBM ■ aa>i ■ 




|sjjji^w^3^3^3H5^B^5^9^3^3^3B355^BES55sSBE5 

iaBBSSaaSSsSSSSsaaSissasE 


mmmmm niiinil * 

iSssiii 


jilillUBBiiiiL; 

iaa Ba aBa ggass^sBS l 

ggg^g^g^g^g^gjggSHHSSElmiiimiHUHSnl 




iS Kn s 


asasBgsEBi 

sees salsa sshsi t 

IttlUliHIlBlHM! 




M SEasaiB 3BgB«Eaaa w «wca»^i 
s Sn^rg ffgq wfEfpBPB sP ^ ^g Ba p c ?j £ 


i mm 


rSSsau:nisi£^=ii£Sil^fl 

i_.j .1 i._. i ~_.,..._.i] 


3jIIIe^SBBe 


ENDURANCE HOURS 


Figure 12 * Breadboard Hydrogen Drag Pump Maximum Vibration Amplitude Trends 








PRATT A WHITNEY AIRCRAFT 


PWA-4756 


4.0 BASELINE CELL TECHNOLOGY 

The DM-1 test program and the post-test analyses identified the requirement to improve cell 
structural tolerance to cross-pressure. The analyses also indicated the desirability of eliminat- 
ing or reducing the rate at which metals deposit in the matrix. The primary objective of the 
baseline ceil technology program was to define a cell configuration capable of a minimum of 
2000-hours life and increased tolerance to reactant cross-pressure. A comprehensive program 
of trade and design studies, supported by design information testing, was conducted to dev- 
elop the improved cell design. The program included: 1) structural studies to identify cell 
and separator plate configurations, 2) studies to reduce metal deposits in the matrix, 3} flow 
studies to establish the separator plate manifolds, ports, and field flow patterns, and 4) ther- 
mal studies to determine the general cooling configuration. 

A multicell stack program was planned to verify the results of the selected configuration 
prior to incorporation into the DM-2 powerplant stack. This program was planned with two 
test units. The objective of the first unit, designated the prototype configuration, was to get 
early verification on as many of the design changes or concepts as hardware-procurement lead 
times would allow. The objective of the second test unit, designated the Scheme l configura- 
tion, was to verify the configuration which would go into the DM-2 powerplant with all the 
changes incorporated. 

4.1 TRADE STUDIES AND DESIGN INFORMATION TESTING 

4.1.1 Structural 

Structural design study objectives were to identify a cell and separator plate configuration 
with tolerance to reactant cross-pressures and uniform cell assembly compression under ini- 
tial assembly pinch. Static tests performed on DM-1 hardware had indicated that a hydrogen 
overpressure of 45 psig can cause a permanent deformation of the cathodes as large as 0.012 
inches under the coolant plate pins. Factors influencing the structural capability of a cell 
are the electrode substrate configuration and electrode support. A structural model was de- 
veloped to analytically predict electrode deformation due to reactant overpressure as a func- 
tion of substrate strength and substrate support coverage. For the improved cell configuration, 
a design criteria of less than 0.001 inches permanent electrode deformation under a full re- 
actant cross-pressure of 45 psid was established. Trade-off studies were conducted for both 
of these parameters in support of the separator plate design to establish an acceptable con- 
figuration. 

4. 1 .1 .1 Separator Plates - The first step, to meet the design criteria, was to define an oxy- 
gen separator plate configuration with a particular area coverage and pin size. The next step 
was to select a unitized electrode assembly with a cathode substrate of a strength consistent 
with the oxygen-plate pin-size and area coverage for hydrogen overpressure, and an anode 
substrate and ERP field support geometry to sustain an oxygen overpressure. The DM-1 
ERP pin size and area coverage of 27.5 percent was considered adequate based on the static 
tests performed on DM-1 hardware. 


PAQe NO. 20 



PRATT A WHITNEY AIRCRAFT 


PWA-4756 


The cathode separator plate on the DM-1 had 0.055 inch diameter pins on a 0,135 inch pitch 
square array providing a nine percent area coverage for cathode support. Pin sizes up to 0.096 
inch diameter (40 percent coverage) and a triangular array pin arrangement were considered 
for additional cathode support. A triangular array is desirable from a structural viewpoint be- 
cause, for a given pitch, it minimizes the maximum distance between pins compared to a square 
array. The disadvantages of the triangular array were 1 ) a new tool for making the ERP and 
new masters for chemical milling the pattern on the magnesium plates were required to have 
pin alignment, and 2) flow pressure drops for a given pin diameter and pitch were slightly higher 
than for the square array. 

In addition to structural tolerance to cross-pressure, other factors influenced the oxygen plate 
design. The oxygen volume in the stack affects the inert buildup rate and purge interval re- 
quirements. Increasing the support area by increasing pin size decreases the oxygen volume 
and should, therefore, be kept to a minimum. On the basis of these studies, a square array 
oxygen plate configuration with 0.073 inch diameter pins, 23 percent nominal coverage was 
selected. 

4.1 .1.2 Electrode Substrates * Design information was obtained for use in the analytical struc- 
tural model by running tensile tests for yield strength determination on candidate electrode 
substrate materials. These materials were: 

100 mesh x 0.0025 inch diameter wire nickel screen (annealed) - DM-1 configuration 
100 mesh x 0.0025 inch diameter wire nickel screen (unannealed} 

100 mesh x 0.005 inch diameter wire nickel screen (unannealed) 

5-Ni7-4/0 expanded metal nickel (unannealed) 

5-Ni5-5/0 expanded metal nickel rolled to 0.0045 inch thick 

Table I summarizes the deflection predictions from the analytical model of candidate anode 
substrates with the 27.5 percent electrode support provided by the electrolyte reservoir plate. 
Table II is a similar summary for the cathode with the 23 percent electrode support. The 
tables show that all substrates considered satisfy the criteria established for cross-pressure 
loading except the 100 mesh x 0.0025 inch nickel screen (annealed). Cross-pressure tests 
were conducted on the 2.5-mil wire in the unannealed condition in both the 100 and 150 
mesh configurations. Both configurations yielded less than 1 mill additional permanent sub- 
strate deformation after being subjected to a 45 psi crosspressure differential. 

The 100 mesh x 2.5-mil diameter wire screen (annealed) is the electrode substrate which was 
used in the DM-1. This configuration, in the unannealed condition, was selected for the 
Scheme I cell design. In addition to satisfying the basic structural requirement, it afforded 
the lowest potential stack weight relative to the other candidate substrate configurations 
and required no catalyst application process changes. 

4.1 .1.3 Matrix - The matrix used in the DM-1 cell was 0.010 inch thick fuel cell grade asbes- 
tos with a gas/bubble pressure of approximately 20 psi. It was concluded from the DM-1 ana- 
lysis that a 0.010 inch thickness provided insufficient margin against manufacturing tolerances 
and assembly-handling for the DM-2 type of stack. Also, the 20 psi gas bubble/pressure 
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capability of the matrix did not meet the 45 psi cross-pressure capability criteria established 
for the Scheme I cell. NASA/JSC recommended that a thicker asbestos matrix reconstituted 
in accordance with a procedure they provided be considered. Fabrication and shop trials at 
Pratt & Whitney Aircraft resulted in a simplified reconstituting procedure. Tests on 0.010 
inch, 0.020 inch and 0.030 inch thick matrices produced to this process were tested and were 
found to have gas/bubble pressure in excess of 55 psi, which met the requirement. A 0.020 
inch thick reconstituted asbestos matrix (RAM) with bubble pressures of 70 to 90 psi was 
selected for the Scheme I design. 


TABLE I 


REVIEW OF ANODE SUBSTRATE LOAD DEFLECTION 
DETERMINATION WITH 27.5 PERCENT SUPPORT 


Substrate 

Yield 

Strength 

Ibs/in 

Average 
Deformation 
Under 45 psid 
Cross Pressure 

Reactant Pressure 
For 1 Mil 
Def. PSI A 

100 x 100 x 0.0025 
Ni Screen 
(Annealed) 

7.0 

1 .8 mils 

40.0 

100 x 100 x 0.0025 
Ni Screen 
(Unannealed) 

15.0 

0.7 mils 

79.0 

100 x 100 x 0.005 
Ni Screen 
(Unannealed) 

45.0 

0.1 mil 

250.0 

150 x 150x0.0025 
Ni Screen 
(Unannealed) 

12.0 

0.5 mils 

105.0 

5-Ni7-4/0 X-Met 
(Unannealed) 

22.0 

0.6 mils 

90.0 

5-Ni5-5/0 X-Met 
Rolled to 4.5 Mils 
(Unannealed) 

19.0 

0.7 mils 

79.0 


Conclusion — All Substrates Except Annealed 100 x 100 x 0.0025 Screen Meet Structural 
Requirements 
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TABLE II 


REVIEW OF CATHODE SUBSTRATE LOAD DEFLECTION 
DETERMINATION WITH 23 PERCENT SUPPORT 


Substrate 

Yield 

Strength 

Ibs/in 

Average 
Deformation 
Under 45 PSID 
Cross Pressure 

Reactant Pressure 
For 1 Mil 
Def. PSI A 

lOOx 100x0.0025 
Ni Screen 
(Annealed) 

7.0 

2.3 mils 

35 

lOOx 100x0.0025 
Ni Screen 
(Unanneaied) 

15.0 

0.9 mils 

65 

100x100 x 0.005 
Ni Screen 
(Unannealed) 

45.0 

0.1 mil 

250 

150 x 150x0.0025 
Ni Screen 
(Unannealed) 

12.0 

0.6 mils 

90 

5-Ni7-4/0 X-Met 
(Unannealed) 

22.0 

0.7 mils 

77 

5-Ni5-5/0 X-Met 
Rolled to 4.5 Mils 
(Unanneaied) 

19.0 

0.9 mils 

68 


Conclusion - All Substrates Except Annealed 100 x 100 x 0.0025 Screen Meet Structural 
Requirements 

4.1. 1.4 Pinch Determination ■ A program was conducted to determine the assembly pinch 
requirements for the Scheme I cell. The approach was to simulate cell pinch by coolant 
overpressure and relate cell performance to coolant overpressure and then, coolant overpres- 
sure to cell pinch. Single cells constructed with 100 mesh x 5-mil wire and 2.5-mil wire were 
built with different initial cell pinch known to be less than required for maximum perfor- 
mance. These cells were put on test at a steady 1 50 ASF load. Output voltage was recorded 
as coolant pressure was increased from 0 to 45 psi over the reactant pressures. Test results 
are given in Figure 13 and show performance improvement with increasing coolant overpres- 
sure up to approximately 17.5 psi. Above this level, both the 2.5-mil wire and 5.0-mil wire 
substrates showed no improvement. Also, the lighter substrate (2.5-mil wire) showed less 
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sensitivity in this range of coolant overpressure than the heavier substrate (5.0-mil wire). 

Figure 14 shows the relationship of cell pinch to coolant overpressure obtained from load 
compression analysis and testing conducted on the substrates and cell details. The figure 
indicates that the pinch corresponding to a 17.5 psi coolant overpressure is 6.7 mils for the 
2.5-mil wire and 3.4 mils for the 5.0-mil wire. The dotted line on Figure 14 represents a 23 
percent coverage oxygen plate, which is the selected Scheme I plate design. A nominal 7-mil 
pinch was selected for the Scheme I cell. 

4.1.2 Reduction of Metal Deposits in the Matrix 

The post-test analysis of DM-1 cells indicated metal deposits in the matrix. Silver and palla- 
dium were two of the elements found. The DM-1 separator plates and the electrode substrates 
were silver plated. To eliminate this source, gold-plating was substituted for silver in the 
Scheme I cell configuration, gold being more corrosion resistant in the fuel cell environment. 

Palladium was used in the electrode catalyst to facilitate the catalyzing process. It was felt 
that a palladium free catalyst (platinum only) would meet the fuel cell requirements provided 
it could be applied uniformly to the electrode substrates. The program to eliminate palladium 
from the electrodes considered three major catalyzing variables; pH level of the catalyst/ 
Teflon suspension; isopropyl alcohol leach to remove the wetting agent; and the method of 
transferring the catalyst/Teflon to the substrate. 

The colloidal catalyst/Teflon suspension has a pH level of approximately five which is the 
pH of the deionized water used in the suspension. Close control of the pH level of the sus- 
pension was not critical in the manufacture of standard electrodes which contained a mixture 
of platinum and palladium as the catalyst. However, when platinum only was used as the 
catalyst, it became apparent that the pH of the colloidal suspension became more important. 

The second variable considered was the use of an alcohol soak to completely remove the 
wetting agent, which is used in the standard process for electrode manufacture to stabilize 
the catalyst colloidal suspension. The wetting agent was normally removed from the finished 
electrode by drying in a vacuum oven. Electrodes manufactured to this process exhibited a 
rise in performance during the first several hundred hours of operation. A suspected partial 
cause of this characteristic was that the electrodes were not completely cleaned of the residual 
wetting agent by the vacuum drying process. The revised technique consisted of soaking the 
catalyzed electrodes in isopropyl alcohol, used as a solvent for the wetting agent, followed 
by a water rinse. 

In addition to pH control of the colloidal suspension and isopropyl cleaning of the electrodes, 
tests were conducted to evaluate the effects of changing the method of transferring the cata- 
lyst to the substrate. In the one-sided loading method, the total catalyst loading was pressed 
onto the substrate from one side; in the two-sided loading method, the total catalyst loading 
was divided in half and pressed onto each side of the substrate. 

A series of laboratory tests resulted in the conclusion that although it showed promise, the 
procedure for removing palladium could not be reduced to practice in the time available to 
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incorporate it into the Scheme f configuration. Since only 10 percent of the total catalyst 
is palladium, it was felt that the standard platinum/palladium mixture was adequate for the 
Scheme I design. The testing did show that the isopropyl cleaning of the electrodes gave 
higher initial performance and eliminated the initial performance rise. This cleaning process 
was incorporated into the Scheme l design. Also, it was concluded from the testing that 
for substrates made from wire thicker than 0.0025 inches in diameter, two-sided catalyst 
loading produced a more uniform electrode. However, one-sided loading was determined 
adequate for the 0.0025 inch diameter 100 mesh wire selected for the Scheme I. 

4.1.3 Manifold, Field and Port Geometry 

Flow studies were conducted in support of the separator plate design to establish manifold, 
field and port geometry for the hydrogen, coolant, and oxygen. A review of cell experience 
on port plugging showed that there were no instances of exit port plugging on high power 
density cells such as used on the DM-1. There have been several instances of hydrogen-inlet 
port plugging due to hydrogen pump gear and vane material and water carryover from the 
condenser. Oxygen-inlet port plugging with water occurred on the DM-1 because of improper 
operation of the oxygen ejector. Although component and system operating improvements 
were considered as the primary means of eliminating the problem, an increased number of 
inlet ports was selected for the DM-2 to minimize inlet port plugging. 

Hydrogen flow studies considered the effect of manifold size and number of ports on pres- 
sure drop and flow distribution. The DM-1 and PCI 5 hydrogen manifolds were compared. 
The conclusion from this study was that the larger PCI 5 hydrogen manifold size is more 
suitable for the DM-2 application than the smaller size manifold. Four inlet ports and three 
exit ports were selected to insure uniform distribution and a system pressure drop compatible 
with the selected hydrogen drag pump. 

Oxygen flow studies included options for DM-2 with and without an oxygen ejector. It was 
concluded that oxygen co-flow with the coolant and hydrogen is desirable with or without 
an oxygen ejector. The oxygen co-flow arrangement puts the inlet ports on the cold side of 
the cell. With an ejector, co-flow humidifies the inlet oxygen to near equilibrium conditions; 
without an ejector, oxygen enters where the water vapor partial pressure is the lowest, thus 
providing the lowest driving force for local evaporation and drying. 

Pressure drop variations were evaluated for different field coverages and inlet and exit port 
arrangements. The conclusion is that since the inlet port-pressure drop is a small fraction of 
the cell pressure drop, pressure drop and flow distribution are relatively insensitive to the 
number of inlet ports, and that using a large number of inlet ports makes the distribution 
insensitive to inlet port plugging. The selected oxygen port configuration is 1 1 inlet ports. 

The maximum number of ports was selected consistent with port spacing for the Unitized 
Electrode Assembly frame support and consistent with manifold length. Two exit ports 
were selected to insure good distribution when an oxygen ejector is not used. Using only 
two ports at the exit limits the possibility of backflow into the cell thus providing a more 
uniform distribution of inerts between purges. In the unlikely event that an oxygen exit 
port should become plugged with liquid, the pressure drop required to clear a plugged port 
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is 0.38 to 0.76 inches water. The purge flow required to clear exit ports is 0.4 to 1.0 pph/cell. 
For example, to clear a 70 cell stack would require oxygen flow up to 70 pph. Options for 
achieving exit port blowout (70 pph purge) were explored. One method is to use an oxvaen 
regulator with adequate capability. Another method is to use a regulator similar to PC15 
(Navy DSV fuel cell powerplant) which has a capacity of 51 pph and to allow the system to 
depressurize during purge. The conclusion is that methods to clear plugged exit ports exist 
for cells which have adequate cross-pressure tolerance. 

Coolant flow studies for alternate cell cooling were conducted. Various port numbers were 
considered for a manifold size of 1 .5 inches x 0.7 inches. The selected port configuration is 
four inlet and four exit ports because this design provides low cell stack pressure drop and 
good distribution. 

The field, manifold and port configuration selected for the DM-2 is shown in Table III com- 
pared to the DM-1 and PCI 5 plates. 

4.1.4 Cell Cooling 

Thermal studies considered two approaches for cell cooling. One approach used a cooler 
for every cell and was the one used in the DM-1. The second approach used a cooler for 
every other cell, which is presently used in the PCI 5 for the DSV program. The advantages 
of every other cell cooling were reduced stack length, reduced weight, reduced coolant in- 
ventory and accumulator size, and improved reliability by eliminating one-half the number 
of coolant seals. The disadvantage was that the electrodes operate at a slightly higher tem- 
perature relative to the coolant. A one-dimensional thermal analysis predicted that the elec- 
trodes would be only 7°F hotter than the coolant for the every other cell cooling configura- 
tion at the 8.6 kw DM-2 condition compared with 3.5° F for the cooling approach on the 
DM-1. Tests on an instrumented 10-cell rig for the PCI 5 indicated only 4.5° F at near DM-2 
conditions. The slightly higher electrode temperature was factored into the system match 
conditions for electrolyte concentration control. Every other cell cooling, shown in Figure 
15 was selected for the Scheme I because of its weight and reliability advantages. 

4.2 MULTtCELL TESTS 

4.2.1 Prototype Multicell Stack Test 

The objective of the test was to provide early verification of a technology baseline for selec- 
tion of the Scheme I cell configuration. Significant cell configuration details were as follows: 

Separator Plates - 0.508 square feet, gold-plated magnesium plates with DM-1 pin size 
and support area (hardware procurement lead times precluded using the increased 
support area plates for this stack) oxygen counterflow to the hydrogen and coolant 

Substrate - 0.005 inch diameter unannealed nickel wire, 100 mesh screen, gold-plated 
(0.005 inch diameter wire was used in conjunction with the DM-1 type coolant 
plates to provide structural characteristics equivalent to the selected Scheme I 
configuration.) 
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TABLE III 


DM-2 CELL SEPARATOR PLATE DESIGN DESCRIPTION 


COMPARISON OF DM-2 AND DM-1 FLOW FIELDS, MANIFOLDS AND PORTS 

^2 in ^2 out 

□ a 


Q C out 


D O 2 out 


DM:2 DM:1 _J > C15.1fQrJnf2L_ 


Cin ^ 
in ^ 


* 


5 

1 

3 

z 

nj 

< 

> 

77 

a 

71 

> 

% 


HYDROGEN 


MANIFOLD LXW 

2"x1" 

1.1"x0.45" 

2”x1” 

NUMBER OF INLET PORTS 

4 

8 

3 

NUMBER OF EXIT PORTS 

3 

3 

3 

PORT/FIELD DEPTH 

0.050" 

0.060" 

0.050" 

PIN SIZE COVERAGE 

0.055" (13%) 

0.048" (10%) 

0.055" (13%) 

OXYGEN 

MANIFOLD LXW 

1.5"x0.5" 

1.1"x0.45" 

1.5*'x0.5" 

NUMBER OF INLET PORTS 

11 

5 

5 

NUMBER OF EXIT PORTS 

2 

2 

2 

PORT/FIELD DEPTH 

0.050" 

0.060" 

0.050" 

PIN SIZE (COVERAGE) 

0.073" (23%) 

0.048" (10%) 

0.055" (13%) 

COOLANT 

MANIFOLD LXW 

1.5"x0.7" 

1.1"x0.46" 

1.5"x0.7" 

NUMBER OF INLET PORTS 

4 

5 

2 

NUMBER OF EXIT PORTS 

4 

2 

2 

PORT/FIELD DEPTH 

0.034" 

0.040" 

0.034" 

PIN SIZE COVERAGE 

0.055" (13%) 

0.0525" (12%) 

0.055" (13%) 
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Figure 15 - Scheme 1 Cell Assembly Schematic Showing 
Alternate Cell Cooling Concept 
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Catalyst - 90 percent platinum, 10 percent palladium, transferred to both sides of the 
substrate at a loading of 1 2 mg/crn^. 


Matrix - 0.020 inch thick RAM 


Frame - Glass fiber, epoxy impregnated 

Electrolyte Reservoir Plate - 0.100 inch thick sintered-nickel {same as DM-1) with flow 
field pins located to align with the pins of the oxygen side separator plate. 

Cell Active Area - 0.508 square feet 

Cell Cooling - One cooler per two cells 

Testing was begun on February 2, 1972 and, after a brief test period, the stack was shut 
down to replace the stand coolant fluid with FC-40 to provide a pressure drop through the 
stack more representative of an operating powerplant. 

Following initial calibration and diagnostic tests, the prototype stack was put on endurance 
at 50 amps and 175°F coolant inlet temperature. Performance calibration and diagnostic 
tests were conducted at 500-hour intervals throughout the test. 

At approximately 8000 hours, the open circuit voltage of cell No. 1 was found to be approxi- 
mately 30 mv below average, and was believed caused by carbonate buildup. A saturator 
was installed in the oxygen system; the oxygen dew point was set to simulate an oxygen ejec- 
tor and the open circuit voltage of cell No. 1 slowly improved. Within 500 hours, the open 
circuit voltage of celt No. 1 was within 5 mv of the average. Cell No. 2 exhibited a similar 
behavior at approximately 9200 hours. 


At approximately 10,200 hours, the 50 amp performance level started to show an increasing 
drop-off rate. The 10,500-hour calibration showed Tafel slope to be normal, and the perfor- 
mance level of all cells at approximately 0.898 volts, down from 0.915 volts at 10,000 hours, 
After the calibration data high separate load points were taken, one cell, No. 5, would not 
hold a load without the voltage falling off. The test was terminated on 26 April 1973 at 
10,497 load hours. The performance curves show the increasing rate of performance loss 
typically associated with the end of useful load bearing capability because of carbonate build- 
up in the electrolyte. 

A tog of the endurance test is shown in Figure 16. The performance increase, indicated in 
this figure at 10,150 hours load time, was caused by putting the stack on load after a nitro- 
gen/oxygen diagnostic test without purging all the nitrogen out of the oxygen system. This 
polarized the cathodes and resulted in a performance increase when clean oxygen was reintro- 
duced to the system. The phenomenon has been observed before on this (at approximately 
8000 hours) and other stacks and is under investigation. The performance calibrations, 
which were conducted at 500-hour intervals, are presented in Figure 17. Figure 18 shows 
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Figure 16 - 6-Cell Prototype Stack Test Endurance tog 
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Figure 17 - 6-Cell Prototype Stack Test 500- Hour Performance Calibration 
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CELL VOLTAGE 



0*6 HH 


AVERAGE CELL, 2/11/72 9 1347, 97 LO. HRS, IR 9 100 ASF = 13.15 MV 
AVERAGE CELL, 3/1/72 9 , 535 LD. HRS, IR 9 100 ASF * 15.4 MV 

AVERAGE CELL, 3/22/72 9 1440, 1042 LD. HRS, IR 9 100 ASF = 14.6 MV 
AVERAGE CELL, 4/11/72 3 0853, 1500 LD. HRS, IR 9 100 ASF = 16-25 MV 
AVERAGE CELL, 5/5/72 9 1502, 2041 LD. HRS, IR 9 100 ASF - 17.5 MV 
AVERAGE CELL 5/24/7 2 ® 1538, 2497 LD. HRS, IR ©TOO ASF = 14.75 MV 
AVERAGE CELL, 6/14/72 9 1531, 2994 LD. HRS, IR 9 100 ASF - 14.70 MV 
AVERAGE CELL 7/6/72 9 1620, 3S26 LD, HRS, IR 9 100 ASF = 15.2 MV 
AVERAGE CELL, 7/26/72 9 1554, 3963 LD. HRS, IR 9 100 ASF - 13.75 MV 
AVERAGE CELL, 8/21/72 9 1602, 4828 LD. HRS, IR 9 100 ASF - 12.45 MV 
AVERAGE CELL 9/6/72 9 0726, 5000 LO. HRS, IR 9 100 ASF - 14.1 MV 
AVERAGE CELL, 9/27/72 9 1443, 6608 LD. HRS, IR 9 100 ASF - 14.3 MV 
AVERAGE CELL 10/17/72 9 1417, 6988 LD. HRS, IR 9 100 ASF - 15.7 MV 
AVERAGE CELL 11/6/72 9 1502, 6468 LD. HRS, IR 9 100 ASF * 13 9 MV 
AVERAGE CELL 11/27/72 9 1730, 6973 LD. HRS, IR 9 100 ASF ■ 12.8 MV 
AVERAGE CELL 12/19/72 9 1532. 7497 LD. HRS, IR 9 100 ASF - 13.9 MV 
AVERAGE CELL, 1/6/73 9 1502, 7976 LD. HRS* IR 9 100 ASF - 13.9 MV 
AVERAGE CELL, 1/30/73 9 1433, 8480 LD- HRS. IR 9 100 ASF * 16.5 MV 
AGE CELL 2/17/73 9 8953 LD. HRS., IR 9 100 ASF « 18.0 MV 
S M ff ffllW 


16-3 MV 

^lAVERAGE CELL, 4/2/73 9 1400, 9960 LD. HRS., IR 9 100 ASF - 18.1 J 
IIpAVERAGE CELL 4/25/73 O 0928, 10,491 LD. HRS., IR « 100 ASF * 19.8 MV 
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Figure 18 - 6-Cell Prototype Stack Test Tafel Oata Corrected for IR Polarization Loss 
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the average Tafel data corrected for IR polarization losses. No reactant gas crossover nor 
cell shorting is evident on any cell. Although the test objective was satisfied at 2000 hours 
of endurance time, the test was continued to establish the performance characteristics 
associated with endurance testing up to and beyond the 5000-hour Space Shuttle require- 
ment. 

4.2.2 Scheme I Multicell Test 

The Scheme I multicell test was conducted to verify the cell configuration selected for the 
DM-2 powerplant. The test was scheduled to provide at least 1000 hours of endurance 
time prior to commitment for procuring the DM-2 powerplant cells. Significant Scheme I 
cell configuration details were as follows: 

Electrode Substrate - 0.0025 inch diameter unannealed nickel wire, 100 mesh screen, 
gold-plated 

Catalyst - 90 percent platinum, 10 percent palladium transferred to one side of the 
substrate at 10 mg/cnrr loading 

Matrix - 0.020 inch thick RAM 

Frame - Glass fiber, epoxy impregnated 

Electrolyte Reservoir Plate - 0.062 inch thick sintered nickel (same as the PC15) with 
flow field pins located to align with pins of the oxygen side separator plate 

Separator Plates - 0.508 square feet, gold-plated magnesium plates with increased oxygen 
side pin size and support area. Oxygen co-flow with the hydrogen and coolant. 

Cell Active Area - 0.508 square feet 

Cell Cooling - One cooler per two cells 

The Scheme I endurance stack test was preceded by a manufacturing checkout stack test of 
six Scheme I cells conducted to verify stand functions, operating procedures, and cell inte- 
grity. The cells were subjected to 45 psi hydrogen above oxygen and coolant pressure and 
45 psi oxygen above hydrogen and coolant pressure. Nominal pressures were then reestab- 
lished. Stack performance before and after the pressure excursions was normal. Post-test 
dimensional inspection of the coolant plate pin impressions on the electrodes showed no 
depression as a result of the 45 psi cross-pressure indicating that the design criteria of 0.001 
inch or less allowable depression had been met Four hundred load hours were accumulated 
during these checkout tests. 

After the checkout tests, the Scheme I endurance stack was installed in the test stand and 
initial performance calibrations were conducted. Average cell performance compared favor- 
ably with the average performance of the prototype stack. However, at the 400-ASF calibra- 
tion point, cell No. 4 oscillated about 3 mv and was approximately 15 mv below the average 
of the other five cells. At the 50 amp point, cell No. 4 did not exhibit the oscillating 
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characteristics and was the highest performing cell operating at 3 mv above the average. The 
stack was shut down and Cell No. 4 removed for further investigation. A new cell No. 4 was 
substituted and testing resumed. The replacement cell behaved the same as the original cell 
with performance slightly above average at the 50 amp point and below the average of the 
other five at the 200 amp point. It was concluded that this behavior would not affect stack 
endurance and testing was started at 50 amps and 1 60° F stack coolant inlet temperature. 
Diagnostic and performance tests were conducted at 500-hour intervals throughout the test. 

The original cell No. 4, which was removed from the stack, was tested as a single cell with 
initial performance duplicating its performance in the stack. It was found that increasing 
the pinch on the cell by raising coolant pressure produced excellent 200 amp performance. 
The conclusion was that its stack performance was the result of low effective pinch probably 
caused by manufacturing tolerances in the coolant plates and stack hardware. 

The performance of celt No. 4 was completely normal during all 50 AMP endurance testing. 
Its behavior during the 500-hour calibrations gradually improved until at approximately 
2500 hours it was normal, as seen in Figure 19. It stayed normal through the remainder of 
the test. 

The endurance test was continued to provide additional performance data associated with 
long time operation up to and beyond the 5000-hour Space Shuttle requirement. The test 
was voluntarily terminated at 10,000 hours of endurance load time. A log of the endurance 
test is shown in Figure 20. Performance of alt cells has remained essentially unchanged. Fig- 
ure 21 presents the performance calibrations conducted at 500-hour intervals. The open cir- 
cuit and 15 ASF load points were obtained from the Tafel test and are consistent with the 
normal calibration conditions. Figure 22 shows the average Tafel data corrected for the I R 
polarization losses. The average cell data is typical of all cells. There has been no change of 
slope in the 1 ASF to 10 ASF region which means internal cell shorting is not present. 
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Figure 20 - 6 -Cell Scheme 1 Endurance Stack 
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Figure 21 - 6-Cell Scheme 1 Stack Test 500-Hour Performance Calibrations 
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Figure 22 - 6-Cell Scheme 1 Endurance Stack Test Data Corrected for IR Polarization Loss 
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5.0 BASELINE TECHNOLOGY EXTENSION 

A Baseline Technology Extension task was established to be conducted concurrently with the 
other program tasks. The specific goal of this task was the definition and selection of design 
approaches and materials leading to the design of a cell with a minimum 5000-hour life. Ad- 
vanced approaches for improved cell life included improved magnesium separator plates and 
electrode catalysts and substitution of materials with better endurance characteristics such as, 
nickel coolant plates in place of magnesium and plastic electrode frames in place of fiberglass 
epoxy. A series of design studies and laboratory tests was planned to complement the base- 
line fuel cell technology in five areas: 

• Improved separator plates 

• Improved magnesium separator plates 

• Improved electrode catalyst 

• Improved cell frames 

• Coolant plate spacing 

5.1 Improved Nickel Separator Plates 

Preliminary design studies showed that thin nickel separator plates fabricated by an electro- 
forming process offered the potential of lower cost, lower weight, and a wider choice of com- . 
patible coolant fluids compared to magnesium separator plates. Structural analysis also show- 
ed the feasibility of obtaining the required strength and stiffness in electroformed plates as 
thin as 0.003 inches. 

Effort to develop a nickel coolant plate was initiated in 1971. A plexiglass master was con- 
structed from which electroformed nickel sheets with integral pin field, seal grooves, and 
manifolds were formed. Two of these formed sheets welded together formed a cooler assem- 
bly with a hydrogen field on one side, an oxygen field on the other side, and a coolant cavity 
in the middle. Difficulty was encountered in consistently welding the two halves together in- 
to a pressure tight assembly. Also, the welding process annealed the nickel plates in the heat 
affected zone reducing strength of the assembly. Other methods of assembling the two halves 
together such as with elastomer seals, adhesives and brazing were considered, but discarded as 
being too costly to develop within the scope of the program. 

This led to the approach of unitizing two nickel pin field pieces in a fiberglass epoxy frame in 
the same manner in which the cell assemblies are unitized. This was considered feasible since 
the unitizing technology was well established. Manufacturing trials for this approach were 
carried out with no particular difficulty. One of the assemblies was heat cycled and found to 
be leak tight. Seal groove and port machining trials were conducted on the fiberglass frames 
and indicated that this was an acceptable manufacturing method. 
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Based on the results of this activity, design of a fiberglass unitized nickel coolant plate to meet 
Space Shuttle requirements was started. Structural, thermal and flow studies were conducted 
and a configuration was selected. Figure 23 shows the hydrogen/oxygen combination plate 
and the coolant assembly design which resulted. 

As part of this program, strength and deflection tests and porosity tests of electroformed nick- 
el samples of various thicknesses were conducted. The strength and deflection tests indicated 
that formed sheets as thin as 0.0035 inch satisfied the strength requirements. Initial porosity 
testing resulted in a high percentage of the samples showing leaks. Review of the results with 
the plating vendor defined plating process and tooling changes. At the end of the contract per- 
iod, some improvement had been realized and other plating process and mold release changes 
had been identified which would produce non-porous parts. 

A comparison was made between DM-2 magnesium separator plates and the final design nickel 
plates using a 4-mil thick nickel-field piece. The following table shows a detailed comparison 
with regard to plate weight, plate height, and hydrogen and coolant cavity pressure drops: 



DM-2 

Magnesium Plates 

4 Mil 

Electroformed Nickel 

Combination Hydrogen/ 
Oxygen Plate 

0.69 lbs. 

0.12 inch height 

0.4 lbs. 
0.064 inches 

Cooler Assembly 

1.06 lbs. 
0.174 inches 

0.78 lbs. 
0.128 inches 

Pressure Drop 
(Hydrogen cavity) 

5.3 inches water 

5.3 inches water 
(50-mil ports) 
5.8 inches water 
(40-mil ports) 

Pressure Drop 

0.7 psi 

0.56 psi 


(Cooler, 2 cells 
per cooler flow rate) 

A DM-2 stack with 4-mil nickel separator plates would be approximately 10 pounds lighter 
and 1 7/8 inches shorter. 

5.2 Improved Magnesium Separator Plaites 

Improved magnesium separator plates offered the potential of reduced cost through a decrease 
in manufacturing lead time, simplification of fabrication procedures, and a reduction in scrap 
rates resulting from closer control of manufacturing tolerances. Four separate lines of investi- 
gation were pursued to improve plate configuration and fabrication techniques. The first of 
these was concerned with a revision to the purchase specification for the magnesium raw ma- 
terial. Experience had shown that inclusions in the base metal have an adverse effect on the 
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Figure 23 - Hydrogen/Oxygen Combination Plate and Coolant Assembly 
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protective plating applied to the plates, thus a more stringent level of allowed agglomerated 
inclusions in the magnesium sheet was required. The second item was the use of seals instal- 
led into the plates rather than molded-in-ptace seals to eliminate a manufacturing step and re- 
duce handling of the plates. A third area to be investigated was the machining rather than the 
chemical milling of the pin fields. This step would be performed at the same time as the mach- 
ining of the seal grooves and fluid ports, eliminating another manufacturing step. An antici- 
pated advantage of this approach was the potential to maintain closer control of pin size, 
height, and location and a corresponding decrease in scrap rate during plate fabrication. The 
fourth area to be investigated was the use of a protective gold-plating thinner than the Scheme 
I baseline to gain savings in both weight and cost. 

The raw material purchase specification was revised to call for a maximum allowable limit of 
0.25 percent non-metallics compared to 0.4 percent in the previous specification. Material 
samples and sheet stock were successfully produced to the revised specification by the vendor, 

The baseline magnesium separator plate configuration has elastomer seals which are molded in 
place in the finished plate by a seal supplier. In this task, pre-molded seals were installed in 
magnesium plates and were tested. Initial test results with these seals showed they were sen- 
sitive to out-of-toierance seal grooves in the magnesium plates. The molded-in-place seals did 
not leak under similar conditions because the molding process compensated for the groove 
variations. Additional testing showed that when the seal grooves were maintained within tol- 
erance and the seals were installed with a supplier-recommended adhesive no leakage was ex- 
perienced. This seal approach was subsequently used in the Pratt & Whitney Aircraft in-house 
demonstrator powerplant with excellent results. 

Manufacturing trials were conducted for machining the flow fields in the plates by a tape con- 
trolled machining process. The process was found to be simpler, less costly, with a shorter 
manufacturing lead time and resulted in closer control of pin size and location. The scrap 
rate on the first lot of plates to be machined was found to be 10 percent compared to 20 per- 
cent for the chemical milling method normally used. Plates manufactured by this method 
were also used in the Pratt & Whitney Aircraft in-house demonstrator powerplant with excel- 
lent results. 

The gold-plating, which was incorporated in the Scheme I baseline design, was 0.0004 inch 
thick. Samples of magnesium with plating 10 percent and 50 percent as thick as the baseline 
were prepared and subjected to corrosion and contact resistance testing. As expected, resis- 
tance checks showed a slightly lower voltage drop. Corrosion testing in a 42 percent KOH 
solution at 250°F showed no effect on the 50 percent thick plating, but caused blistering 
and peeling of the 10 percent sample. It was concluded from this testing that 0.0002 inch 
thick gold-plating can be used in the Space Shuttle fuel cell powerplant. 

5.3 Improved Electrode Catalyst 

The objective of this task was to develop an outside source for the manufacture of the gold/ 
platinum cathode catalyst developed in the Pratt & Whitney Aircraft laboratories and to re- 
duce to shop practice the catalyst application procedures used in the laboratory. In addition, 
full sized cells were to be fabricated and tested. 
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Procurement requirements for the catalyst were prepared and a number of potential suppliers 
were contacted. Samples of the catalyst for evaluation were received from three suppliers. 

One supplier's initial sample (50 grams) gave surface area results consistent with those of 
in-house laboratory-prepared catalyst, and laboratory performance testing indicated that 
catalyst activity was equivalent. An endurance test of a sub-scale electrode made from this 
catalyst was performed for a 1000-hour period at 200 ASF with results equivalent to those 
of electrodes made from in-house catalyst. On the basis of these results, a larger batch (150 
grams) of this vendor's gold-platinum catalyst was procured and was used to make cathodes 
for four cells of a full-size, six-cell checkout stack. This stack used improved magnesium 
separator plates and Scheme I unitized electrode assemblies with two differences; the cathode 
catalyst was gold/platinum instead of platinum/palladium and the ERP was 0.051 inch thick 
instead of 0.062 inches. Four of the six cells (Nos. 1, 2, 3 and 4) had the vendor-supplied 
catalyst and two (Nos. 5 and 6) had Pratt & Whitney Aircraft supplied catalyst. This was 
done to offer a direct comparison of the two catalysts. 

The stack started test on 2 April 1973 and completed the initial performance calibration and 
acceptance test. On 25 April 1973, the 500-hour calibration was performed. This calibration 
consisted of an IR test, Tafel test, 40-ASF performance, 400-ASF performance and 700-ASF 
performance. During the 700-ASF performance point, a test stand problem occurred and 
water was carried over from the hydrogen saturator into the stack. When operating at the 
700-ASF load point, the hydrogen flow was 2.04 pph and the dew point was 174°F as opposed 
to a 0.54 pph flow and 166° F dew point when operating at the 40 and 400-ASF load points. 

A hydrogen saturator flow rate of 1 .5 pph was established as a maximum for a stable operation. 
This corresponds to the flow rate needed for a 4-cell stack at the current densities presently 
being run. The stack was refilled, Cell Nos. 3 and 4 were removed, and returned to test as a 
four-cell unit. The test was continued to 1500 hours at which time the stack was shut down 
because of low performance. 


Figures 24 through 28 present performance data taken from acceptance calibration to the 
1500 hour calibration. Figure 24 presents the performance calibrations taken during the 
test. Figure 25 shows the average Tafel data corrected for I R polarization losses. Figure 26 
shows the individual cell performances by position in the stack. Figure 27 shows the tolerance 
of each of the cells to changes in dew point during acceptance calibration. Figure 28 presents 
a log of die endurance test. 

5.4 Improved Cell Frames 

The objective of this task was to develop unitized electrode assembly frames that do not con- 
tribute to carbonate formation in the cell electrolyte. Filled Teflon materials were identified 
as candidates for the fabrication of improved cell frames which would result in a lower rate of 
carbonate formation in the cell electrolyte than in the glass fiber-epoxy frames. Synthetic 
mica-filled and potassium-titanate-filled material samples were obtained and tests conducted 
to define compressive load deflection, tensile strength, load cycling effects, thermal expansion 
and compressive creep characteristics. Compatibility of sample materials with KOH, moisture, 
and cell temperature were determined in corrosion tests and bonding trials were conducted to 
establish techniques for joining the edge frame to other cell components. 
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Figure 25 - Electrode Catalyst Data Corrected for IR 
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Figure 26 - Electrode Catalyst Evaluation 
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Figure 27 - Electrode Catalyst Tolerance Test 
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Figure 28 - Electrode Catalyst Endurance Log 
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As a result of these tests, it was concluded that, from a structural point of view, these mater- 
ials could not be used as a frame material in a DM-2 type of stack because of their high creep 
rate which would affect the pinch on the cell with load and time. The investigation was re- 
focused upon revision of the cure cycle used for the present epoxy-impregnated glass mater- 
ials as the means for reducing material corrosion and carbonate formation in the electrolyte. 
Sample materials made with a revised curing cycle were obtained and lay-up trials performed. 
Unitized electrode assemblies, with the new cure, were tested in a 4-cetl stack for 120 hours. 
No frame problems were encountered during the test. 

Corrosion testing for 100 hours at 250°F under a 50 psia, 30 percent oxygen, 70 percent 
helium atmosphere was conducted and the results compared to a standard sample tested un- 
der the same conditions. Analysis of the atmosphere for carbon monoxide and carbon diox- 
ide showed no significant difference. Mass spectrometer tests of revised cure and standard 
samples showed less unreacted epoxy in the revised cure cycle samples. Mechanical tests 
showed the revised cure cycle samples to have a lower creep rate than the standard cure cy- 
cle samples. 

Two strip configuration cells were fabricated for corrosion testing at 200° F in a simulated 
fuel cell environment. One cell frame was cured with the revised curing cycle and the other 
with the standard cure. Following 230 hours of testing, the electrolyte of each cell was ana- 
lyzed for K 2 CO 3 . There was no significant difference between the samples. 

The revised cure cycle was adapted for all Pratt & Whitney Aircraft fiberglass epoxy-unitized 
cell assemblies because of its lower creep rate and lower amount of unreacted epoxy. The 
cells used in the Pratt & Whitney Aircraft in-house demonstrator powerplant incorporated 
this curing process. 

5.5 Coolant Plate Spacing 

The objective of this task was to establish a design prediction system for defining the number 
of cells per cooler within a power section in order to reduce powerplant weight. The approach 
was to establish an analytical heat transfer model to enable prediction of maximum cell 
temperature versus cooler spacing. The thermal conductivity of the cell and separator plates 
and the coolant film coefficients were identified as significant cooler prediction parameters. 


Thermal conductivity testing of the cell and separator plates was performed in late 1972 at 
Dynatech, Industries of Cambridge, Massachusetts. Three basic configurations were tested; 
a cell sandwich, a dry electrolyte reservoir plate, and a wet electrolyte reservoir plate. The 
cell sandwich was a 2.5 x 2.5 inch DM-2 structure consisting of two magnesium plates and 
a Scheme I cell filled with 30 percent concentration KOH. The test was conducted at 250°F 
under varying compressive pressure loads of 20, 40, 60, 80, and 100 psi. Table IV summarizes 
the test results and Figure 29 shows the test configuration and the variation of cell thermal 
resistance with load. The dotted line shows the approximate loading used in a cell stack. 

This resistance (28.6 x 10'^ °F-hr/BTU) will be used in the analytical model to determine 
maximum cell temperature versus cooler spacing for specific Space Shuttle fuel cell design 
requirements. 


\ 
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TABLE IV 


COOLANT PLATE SPACING STUDY 


Conductance Test Results 


SAMPLE 


THERMAL CONDUCTANCE 

THERMAL 
RESISTANCE 
°F -hr. - Btu _1 

NUMBER 

LOAD (psi) 

WM'.^K* 1 

Btu/hr. '' -ft °F 

1* 

20 

2.7 x 10 2 

47.5 

41.2 x 10 3 


40 

3.3 x 10 2 

58.0 

33.8 x 10 * 3 


60 

3.6 x 10 2 

63.4 

30.9 x 10 * 3 


80 

3.9 x 10 2 

68.5 

28.6 x 10 ' 3 


100 

4.0 x 10 2 

70.4 

27.8 x 10 ' 3 

2** 

80 

7.8 x 10 2 

137.1 

14.4 x 10 ’ 3 

3*** 

80 

12.0 x 10 2 

211.0 

9.4 x 10 ' 3 


* Base Cell Sandwich • 2 magnesium plates, 2 electrodes, 1 matrix and filled 0.062 inch ERP 

** Dry 0.062 inch ERP ■ 70% porosity 

***Wet 0.062 inch ERP - 70% porosity - filled with 30% KOH solution 
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Figure 29 - Cooler Spacing Study Data 
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Coolant film coefficient testing was conducted at Pratt & Whitney Aircraft. The testing was 
hampered by instrumentation and rig hardware problems. The test was run twice but the 
data was insufficient for a reliable film coefficient determination. Coolant flows, representa- 
tive of those anticipated in the Space Shuttle fuel cell, were demonstrated and coolant plate 
temperatures were measured. Predicted plate temperatures were in good agreement with 
measured plate temperatures. 

Parameter studies performed on cooler spacing versus maximum cell temperature indicated 
that the controlling factor in the thermal model is the cell and separator plate thermal con- 
ductivity for which good data was obtained. The studies also indicated that there is little ef- 
fect on cooler spacing for film coefficients in the 100 to 400 BTU hr-ft 2 -°F range. This is 
shown for typical conditions in Figure 30. 


An analytical determination of the film coefficient for these conditions indicates it would be 
approximately 200 to 250 BTU hr-ft 2 -° F, which is well within the senstvity range. It is con- 
cluded that although a quantitative film coefficient was not determined, die design prediction 
system for cooler spacing has been essentially substantiated by the thermal conductivity and 


plate temperature measurements. 


page no, 55 



gg on ssvd 


ISIS- - 


i llli«HUM ■■■■■-■*flk H «ah*i#ft*t ■■■■■■?■£! 


■IS3SS! SES1 

■ ■■Miii mi 


8 ■ ini _ 

IIHIIiii Jr I' iHr Aitf j 

llrivHI hi- Illl4ri r iVjhil illl'ilP i ■ i ► 

II an ■ ■ k Pp^pk ■ *ppk tikii <k*l ■ ■ m ■■■ bi. ■ 

>**■■ k k ■ p ■ ■« PM1 "kkkkk P H*< *< ■ 


c:»z=:Ei^: Li::::!l3i:Ei3:i£Iii:£=33Ey^^iii:=3:::ailla}^£:Euri^ESE:!s!;^l^l:!ESs:^: :aH3^ann3ui==E::l 


!■■■■■■■■■■ ■■■*■■■■■■■ rihPHH ■ *■*-■■ ■ ■««*■■ *■ ■ * n-HM M " ■■■■*■■■-*■■*■■■■■■■ ■■■■■■*■■■ ■ ■■■■■■■■■ 

*1 -1 i. .* jB r rtH f Hjii^ir hp- ■■ jHii tf - 9** **.%¥**.** p Bfv a' pji I ^ r . ■■■■-,■ ■ ?- ■’ b*' ■ , ■■■■■■■■■■ likugpiai 

I .f «h. »H*J»'Jk l> k|' hi iPi. J.IjiP.diiEilJp.iai a*r.MP« '« f ■ J r - 3 J ',*-.,*■■■+.*' _.* ,ri W',m. .1 ■■■■■■_■ Ml L 


™ Mm ■■■■■ 

ii minuii 

■ ■uiiinii mi mgiiagHHiiiiiniiiiiiiign mmu|t 

1 q ■ ■ j I ■ ■■■■■ ri ^ ■ ■■■ Ml gBB JB jg jn 


isnis! 

■ iBrill 


JEE REESE EREE REES EES ■*■!**■ E ESIbpR ■ ■ 33135 ! 

iH ■ gap ail ■ I ■■■■■ ii in nlla ■■■ ■*■■■*■ la pbp pph ■ pppbb i 

!E R H! SEE ! ! ESSE! SHSE HSSS ill ! E3SSES El SS3 33EE ! S33r 


rseeireee 1 


4 

i\ r -*'Ur^*^JKtV^YA'£a\ 


I «*■■.■■■! 
1 ■■■■■■Ml 

■ jlHkHh-i 


■ afnrtfkkl 

iii^EiSS 

J!K!!!!!!™!E!K!ijij!nSS3 


S!K3:K=!SKS“i 


ll'diwtp" 


■ IHlriBllrillHIlBMi ■ 


iiih^minmmi 


!■■■ _ _ 

■ ■■■■■■■■4 ■■■«!■ gi«i tig if In vm ■■■■■■■■■■*■! 

■ i.rvim ■■■■■■■■■■. ■■■■■■■■■■■■■■■■■■■■ ■■! 

■ ■■ ?■■■■■■■■■■■■■■■■ ■■■.■■■■■■■■■■■■■■■■■ — 

■ ■i jh ■■»■■■'■■■■■■ hi ■■■■■■■■■■■■■■■■■■■■ 

■ Ibi "*W ■■■ ■ I ■■■■^■■■■T ■■■■■■■■■■■■■■■■■■■l 

Rii::iH! :E:i::^|:::::|i::[:i:EE:2ai:i: :Ei:::5H3:; ai :ilLi 3r52- : *^ii il-jfls 

:::::::::: :::::: ::a: Ei!ie!1» 

■■■■MhMtahMIMaHi ■■■■■■Mali ■■■■■■■■■■■■■■■■■■■■ ■■Vh ■■■■■ Mmm Ah ■■■■■■■■■■■■■ ■■ ■■■■■■■■■■ ■■■»■■■■■■ UMWwwm+wwM ■■■■■■ 
■■*■■■■■■■ ¥MIIMI ■! ■■■■■■■■■! IM ■ ■ ■■■■ i ■■■■■■ BM I ■■■■■■ ■gl|«|giiHHM I ipEiill lliaaFhpBfl ilMjASE]|ii|Hlt 
■«. «i a vmi ¥■■■!■■■■! miiiliiiiiiigiiiiiiiiiiiiiii iMginillMi ■■■gvifl j# IiBiUlfli lilfe ■■hfnhrHjvg aMlfcivwi Mf"Bi 

■£■■' ■■■■■■^ j{ ■' /ii !!!i! !!ll! !S! ! ! !iiit !IH! ! 1! ! I !ili! !I88! ijH ) j | lj| B[{ fi "8*81 J j!( aTK"-^ ]*iB KB j *3E ■ 

■■■-i adiHL .-Ik. ■■■■!■■■■■¥■■■! ■qva ■■■■■■■■ EVi HI Utk IMHI P EMI BMI ■■»■■■■ irillll lifilllBlU HlMP lilillVHtKII 

i=jr:;£i!: £i“:!=E=; hiSi ;h:;;Ks£££»h3SHSihi^i:||sank^ HiSH!: IgsaiHiHisIsHSiESa 

ss'R sees: seer sees: eeeeeeeee: e3e:eee::eeede3er::eee3si — — 

— ■ ip i ibbbi ■■■■! i ■ ■■■ ■■ ■■ i ■■■■ ■ a ■■■■ n ■ ibiEi aa aiBar " 

u ■ I ■■*■ ■ IBBal I ■ kaa ■■ ■ 1 1 Mka k ■ kBpk ■ k kaitalk ■ l hEpi 


■ Ill 1 

-mi; 


■ "JM 

Ilk u IHHI 
!■ 4IL«HI 


ilii|li!ii||||j||||H|||i 

•PB ■■«■■«■ ■■■■■ ■■■■■ ■■■■ 
■ ■[■■■ ■■■m ■ ■ ■■■ ■■ ■ ■ i 

■■■■■■■■■■ fiiiMiinmiiRmiiiii 

■ £" }!■■■■■■■■ ■■■■■■■■■■< ■■■■EpEBBBBBqBpBqjl ■■! 


iHii!!!!!!:;; ijlllll 


__________ -_-i!I|ES3| ||iii 

I ES5SEEEEE! EEEEEEESpE SESEE ___ 

pm* -*• I ar « ■■■•■■■■■■■■•■■■■■■a ■■■>■■■«■ »■■■■! 

■ ■■■■■ ■■ h 1 1 jlii.ii |Pi ■■■■■■■ ■ E ■■■ hi ■ I uigi uiia Hi ■ g ai 

■ *oppi gnn ■ phi IbpI ■■■■■■ m ■!■ mh! ituii ■■■■■ hp g i pi 

|EEUEESnS!SS:SE3»:!EERSSKEEEEI9£»E!isUEE9flESESEES! 

IEEEEEE 

::h::e 


“S" 


EH! 

■ pilllEMMI 

■■■■■ ■■■■■hi 

aassEisEs-E ::el 

■■■pppigi ■ pppaga 
Baapapipp appppaia 
■■■■■■!■■ ■ ■■■■Sb 


Jiii 

IUKIEIpE 

H seuEEir 

IP PHI PI 

Irjijii 

!■■■■■■ PHI 

!■■■■■■ ail 


iiiliil 




liiiilliiliyoyBgiiiii 


apEppEtaagpEpuSaia! !pw 


uagaai i 

ESSRiii 



E klSEEEES EE EH aiEEl 3ERE EE E1E EE3SI 

’“iiiiiilliiiililliiailiKiiili 

!j:i ■"■■■ 


eheSeeieI :::ii:±3:i 

I paEpiSaEaE S E» ^ ■ E 1 -3 P \ \ jj:^T 


!!!ll 


EpEaaaaiSiE 

SSEERIS! ESSES ilis ISsH' 

nii 3|p t i pbbSi p p 31 

P Hbb ■ ■■■*• PP H 

EEEESEE3UEEE33EUE 

SEpaSSSaSSpESESESia aEEEEEE 

PPPaPBBgBPPBBBPiPPP HP BP la 

ESEESSSiSEESSSlSEES SSSSES 



j!3ili 

UJI 


S KIHL 

Ki:i: a 



pbBbppES 




S3 


iE p EEa. pEbS bEEbp p 3 hp bE pE| ERnE pppn pbp BP BP ■ ■ I pBmbE b 
i| b|hp gaBBl p gala ■■§!! U n i pbbbp p pp •• pbb *p ■ p ■ ■ ■ ■■a« ip ■ 
n 9 lui |bbbp g i pbp Baali n g bp pgaap p p gap pbbbp bp ip-p ggaap ■ 9 ■ 
iiIhmj ■■^lii'ua ■■■■■■•■■■ ■liiiiLhiu ■■■■■usai ■■■■■■■■ 




iE PBBBP BPll 

:e|ii|;(;» 


im&ni 

mi !iti 




:KES33US3EEEEEUi: 

LVP.H UmmwmwwKm* ■«■■■■ 

^(E 3ICEE E3E3E ERE! S 


Ee^eErseEis 


IS3BS1E3I 


REESE 



R;;:|;E:;E:;E;EERsaEs::E3EEE:isi3:EEE:E:;;RiRaEs^iEEiRE::^:EEEEEi|:EE33ECEE 

:«Ha iB^aplla as;: iS£ ! a 


£! 


ESSES 

ippppf 

ESSES 


=i=EEE=eEEs=e= 



iiiR SEES 1E55EI EESt 

fj-iii-iii-ui-k- 

|Ra]a^{flp^gR 

Sssr " 


IbbtE raas ess ESarass ersbExj 


:tns9 


EEsissaiEsEssEssas 


lEUSESIi 


13UEEEE:!33nEEU»ia:EE|SElEE:Ea 

ifi33Ea p a I a EREbE E EEmE gSSEa pSp p p El 

lEBlEEEEEIflSSSEERSSaSESllfESE: 

!■■»■ ■■ ■■■■■PBB ■■ ■ H ■■■PB RB H pi 

II»E3|E E E EhSSESE EVE 33 S5I 

i ■ inaii ■ ■ aaiiini m bbupi 


k P ■ ■ kvaafi k k Mathail m ■' 

e::e:re::3ee3::irerek 




mil! 


H5S 


mmmmm 



i:sia;i 



RkliPKi^rai i 

.ii 



Figure 30 - Space Shuttle Cooler Spacing Study 
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6.0 DESIGN COST TRADE-OFF STUDY 

The design cost trade-off study was conducted to: 1 ) determine the difference between the 
estimated costs of developing, qualifying, and producing a low-voltage and a high voltage fuel 
cell system and 2) to provide NASA with the means for making rough-order-of magnitude 
program cost trade-offs for changes in significant fuel cell specification items. The aDDroach 
used was to develop mathematical models based on historical fuel cell program data and to 
use the models to predict the impact on program costs of specification variations. Statistical 
analysis of the data showed that the specification items of voltage regulation, operating life, 
and specific weight correlated with the costs of development, qualification, and production. 
Three models were developed using regression analysis to define program costs as a function 
of the appropriate technical parameters. The historical data base consisted of cost and pro- 
gram data from past Pratt & Whitney Aircraft fuel cell programs as well as estimated cost data 
from past program proposals. A Design Cost Trade-off Study Report, PWA-4452, containing 
the models was issued 23 May 1972. 


7.0 MATERIAL FLAMMABILITY 

This task was established as part of the NASA material safety verification program. It was re- 
quired to provide NASA with a materials list for the DM-2 stack and the hydrogen drag-pump 
and separator. This list included identification of each part, its material and description, and 
its specific operating environment including temperature, pressure, and atmosphere. The 
listing was submitted to NASA as part of Monthly Report Number 6, PWA-4415, dated 17 
March 1972. 
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